Reminiscent of eukaryotic apoptotic programmed cell death, bacteria also contain a large number of suicide genes, which are in general co-expressed with their cognate antitoxin genes. These systems called the toxin-antitoxin (TA) systems are associated with cellular dormancy, and play major roles in biofilm formation and persistent multidrug resistance of many human pathogens. In recent years, the study on TA system toxins has become a hot topic due to the health implications of these toxins by virtue of their role in bacterial pathogenicity. Here we report functional characterization of a hitherto uncharacterized Escherichia coli TA toxin, YjjJ. YjjJ exhibits several uncommon properties: (i) unlike the genes encoding most type II TA system toxins, the gene encoding YjjJ is present as a single gene and not in an operon, (ii) despite being a homolog of the well-characterized toxin HipA, YjjJ seems to have different cellular target(s), and (iii) HipB, the cognate antitoxin of HipA, also acts as an antitoxin for YjjJ. This forms a basis for an interesting next step in the study of TA systems with respect to cross-regulation between various TA systems and the evolutionary as well as clinical significance of these observations.
INTRODUCTION
Programmed cell death has a crucial role in many aspects of eukaryotic physiology. Research in past few years has shown that monocellular organisms also contain cellular machinery that can activate signaling pathways leading to the death of a number of cells within a colony. Thus, bacterial death can be induced in response to various stress conditions such as oxidative stress, radiation exposure, nutrient deprivation, phage infections, etc. to favor the survival of a colony. In most of these cases, bacterial programmed cell death is induced through toxin-antitoxin (TA) systems that consist of suicide genes, which are in general co-expressed with their cognate antitoxic genes. These TA systems are classified into five groups (types I-V) on the basis of the function of the antitoxin (Yamaguchi and Inouye 2011; Schuster and Bertram 2013) . Out of these in the type II TA system, which is the most common TA system, both toxins and antitoxins are proteins and the genes encoding these are transcribed from a single operon. This results in the formation of a stable TA complex, which in turn leads to the inhibition of the toxin activity by its cognate antitoxin under normal growth conditions. Toxins and antitoxins have different stabilities, the latter being unstable. Under stress conditions, antitoxins are preferentially degraded by stress-inducible proteases, releasing toxins from the TA complexes. These free toxins then exert toxic effects on individual cellular targets, causing growth arrest and eventually cell death. In Escherichia coli, 36 TA systems have been reported so far (Brown and Shaw 2003; Sevin and Barloy-Hubler 2007; Yamaguchi and Inouye 2011) . The E. coli toxins are expressed under different stress conditions and their cellular roles are highly diverse. For example, these have been shown be involved in a number of processes such as formation of persistent cells, resistance to antibiotics, biofilm formation and stabilization of plasmids (Amato, Orman and Brynildsen 2013; Allocati et al. 2015; Schumacher et al. 2015) . Therefore, deciphering the functions and cellular targets of these toxins is pivotal for our understanding of their roles in bacterial physiology and pathogenicity. This in turn will likely lead to the development of novel methods to eliminate pathogenic bacteria from human tissues.
A comparative sequence analysis based on PSI-BLAST search showed that one of the TA toxins, HipA, belongs to the phosphatidylinositol 3/4-kinase superfamily. The YjjJ-like protein family also belongs to this superfamily and the HipA-like and the YjjJ-like proteins families possess a homologous catalytic domain. The HipBA is a type II TA toxin system. It has been well characterized and HipA has been shown to play a role in bacterial persistence (Correia et al. 2006; Germain et al. 2013; Feng et al. 2014; Wen et al. 2014) . On the other hand, the function of yjjJ has not been elucidated. Unlike the genes encoding most type II TA system toxins, the gene encoding YjjJ is present as a single gene and not in an operon. Here we report functional characterization of YjjJ. We show that despite being a homolog of HipA, YjjJ seems to have different cellular target(s) than that of HipA. We also show that HipB, the cognate antitoxin of HipA, also acts as an antitoxin for YjjJ. These observations form a basis for an interesting next step in the field of TA systems, such as the crossregulation between various TA systems and the evolutionary as well as clinical significance of these observations.
MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions
Escherichia coli strain BL21 (DE3) was used. The yjjJ and hipA genes were amplified by polymerase chain reaction (PCR) using the E. coli genomic DNA as template and cloned into NcoI-EcoRI sites of pET28a (Novagen) to create pET-yjjJ and pET-hipA, respectively. The yjjJ gene was cloned into NdeI-BamHI sites of pCold-PST to express PrS-YjjJ fusion protein. The hipA, yjjJ and hipB genes were also cloned into pBAD24 plasmid for the expression of respective proteins under the control of the arabinose inducible promoter. The gltx gene was cloned in pET28a vector.
Assay of DNA, RNA and protein synthesis in vivo
The in vivo assays for DNA, RNA and protein synthesis were carried out as described previously (Yamaguchi and Inouye 2015) . A 10 ml culture of E. coli BL21(DE3) containing pET-yjjJ plasmid or pET-hipA plasmid was grown at 37
• C in M9 medium supplemented with glucose. Proteins were induced by isopropyl-β-D-1-thiogalactoside (IPTG). When the O.D. 600 of the culture reached 0.3, an aliquot of the culture (1.5 ml) was transferred to a tube containing 20 μl [3H]thymidine (Perkin Elmer) and 80 μl cold thymidine (1 mg/ml) for DNA synthesis or 20 μl [3H]uridine (Perkin Elmer) and 80 μl cold uridine (1 mg/ml) for RNA synthesis, respectively. A 50-μl aliquot of the culture was spotted on a 3MM filter paper (Whatman 3 mm, 2.3 cm diameter) at indicated times and the filter paper was soaked in 10% TCA, which was then incubated for 1 h at room temperature. Then the filter papers were washed three times with 10% TCA solution.
The filter papers were analyzed using a scintillation counter. For analysis of protein synthesis, cell samples were taken at the indicated time points and mixed with 30 μCi [ 35 S]methionine.
After 1 min incubation at 37˚C, cell pellets were dissolved into 50 μl loading buffer and analyzed by SDS-PAGE followed by autoradiography. Data are representative of three independent experiments.
Purification of YjjJ
The plasmid pCold-PST-yjjJ was used for the production of N-terminal His-tagged PrS-YjjJ (Kobayashi, Yoshida and Inouye 2009) . Protein expression was induced with 1 mM IPTG for 3 h at 37
• C using E. coli BL21(DE3) cells. The His-tagged YjjJ protein was purified using Ni-NTA agarose (Qiagen) following the manufacturer's protocol.
Electrophoretic mobility shift assay
Purified PrS protein (0.5 mM) or various concentrations (0.09, 0.16, 0.32 and 0.7 mM) of PrS-YjjJ protein were incubated with genomic DNA (200 ng) from E. coli MG1655, in 50 mM Tris-HCl buffer (pH = 8.0) containing 150 mM NaCl at 4
• C for 30 min.
The protein-DNA complexes were fractionated by 0.7% agarose gel in 1× TBE buffer and visualized with a gel red (Biotium) stain.
RESULTS AND DISCUSSION
YjjJ exhibits similarity to the N-terminal (20.4% identity and 33.3% similarity) and C-terminal (25% identity and 39.1% similarity) domains of the HipA antitoxin. The sequence analysis of yjjJ using MOTIF program in GenomeNet showed it to contain a winged-helix DNA-binding motif (15-35 aa) (Fig. 1A) . We then used ClustalW2 program to compare the HipA and YjjJ amino acids sequences (Fig. 1B) . It is interesting to note that HipA amino-acid residue D309, which was shown to be important for its kinase activity, is conserved in YjjJ (D342). Phosphorylated residue S150 in HipA is also conserved in YjjJ either as S200 or S201. Previously it was shown that HipA amino-acid residues, K181 and D309, are important for its ATP-binding activity (Correia et al. 2006) . These are also conserved in YjjJ. These data suggest that similar to HipA, YjjJ may also have kinase activity. The gene yjjJ is located between the genes deoD and lplA on chromosome (4621769-4623100; 99.57 min). Interestingly, yjjJ exists as a single gene and is not part of the hipBA operon (Fig. 1C) . Recent genome-wide measurements of transcriptional activity in bacteria indicated that the transcription of successive genes is strongly correlated beyond the scale of operons. Analysis of hundreds of bacterial genomes was carried out that identified supraoperonic segments of genes that are proximal in a large number of genomes (Junier and Rivoire, 2016) . The authors showed that these synteny segments correspond to genomic units of strong transcriptional co-expression. We looked to see if yjjJ and hipAB are supra-operonic segments. Based on the microarray data performed for conditions expressing hipA or yjjJ (GenExpDB), these two genes are not expressed under similar conditions. In addition, based on the comparative sequence analysis of the members of the phosphatidylinositol 3/4-kinase superfamily (Correia et al. 2006), the hipAB operon and yjjJ gene do not satisfy the definition of synteny as there is no conservation of gene proximity along the chromosomes of different species. Thus, it may be concluded that these are not supra-operonic segments.
YjjJ is toxic in Escherichia coli, which is counteracted by HipB
We tested if yjjJ has inhibitory effect on cell growth as seen in case of HipA. As shown in Fig. 2A , IPTG-mediated induction of both hipA and yjjJ significantly reduced colony forming units (CFU) after 60-min induction. As compared to the control plates, only 0.03% CFUs were obtained with the cells overexpressing YjjJ, while 0.05% CFUs were obtained with the cells overexpressing HipA. After 90 min induction, 0.004% and 0.028% CFUs were obtained with the overexpression of YjjJ and HipA, respectively. Microscopic examination of cells overexpressing HipA showed formation of elongated cells, an effect which was significantly more pronounced in the cells overexpressing YjjJ (Fig. 2B ), suggesting that YjjJ may affect cell division directly or indirectly. Next, we analyzed if the toxic effect of yjjJ on cell growth is inhibited by HipB, the antitoxin of HipA. The yjjJ and hipA genes were expressed from IPTG-inducible pET28a vectors and the hipB gene was expressed from arabinose inducible pBAD24 plasmid. As seen from Fig. 2C , E. coli BL21(DE3) cells harboring either pETyjjJ or pET-hipA were not able to form colonies as expected. However, coexpression of hipB neutralized the toxicity of both toxins. This suggested that as for HipA, HipB also acts as an antitoxin for YjjJ. Next, we repeated this experiment in which HipB was expressed at different levels. YjjJ and HipA were induced using 30 μM IPTG. As expected, the cells overexpressing either of these proteins do not form colonies ( Fig. 2D ; right-hand panel at level 2). The effect of different levels of HipB was tested using 0.001%, 0.002% and 0.2% arabinose. As seen from the lowest panel on the right-hand side, HipB failed to neutralize the toxicity of HipA and YjjJ at a very low induction level (0.001% arabinose). The toxicity of HipA and YjjJ was neutralized by the induction of HipB with 0.002% arabinose (lowest panel on the left-hand side), however, to a lesser extent as compared to that seen with 0.2% arabinose (left-hand panel at level 2). The effect of varying cellular levels of HipB was thus same for HipA and YjjJ.
Previously, it was reported that HipB acts as a transcriptional repressor and regulates multiple promoters in E. coli by binding to a specific palindromic sequence. Bioinformatic analysis of the E. coli genome showed that 43 genes contain this sequence in their promoters (Lin et al. 2013) . The yjjJ promoter does not contain this palindromic sequence, suggesting that the inhibition of its toxicity by HipB is not due to the regulation of its expression, but is via protein-protein interaction as seen for type II TA system toxin-antitoxins. It is reasonable to expect that HipB and YjjJ form a stable complex but this remains to be experimentally demonstrated. 
YjjJ does not inhibit macromolecular synthesis
Previously, it was reported that the overexpression of wild-type hipA inhibits protein, RNA and DNA synthesis in vivo, with the effects on DNA synthesis probably secondary to the effects on protein and RNA synthesis (Korch and Hill 2006) . To analyze if YjjJ has similar effect on the synthesis of macromolecules, we next examined if DNA replication, transcription and translation were inhibited by YjjJ. Analysis of the YjjJ overexpressing cells was carried out as described previously (Yamaguchi and Inouye 2015) . As seen from Fig. 3 
The toxicity of YjjJ is not counteracted by glutamyl tRNA synthetase
Previously, using a genetic screen it was shown that the overexpression of glutamyl-tRNA synthetase (GltX) suppresses the toxicity of HipA, an important observation that underlined the mechanism of HipA-mediated bacterial persistence (Maisonneuve and Gerdes 2014; Germain et al. 2015) . As a next step to carry out the further comparative characterization of YjjJ and HipA, we tested if overexpression of GltX will counteract the toxic effect exerted by YjjJ. The yjjJ and hipA genes were expressed from arabinose inducible pBAD24 plasmid and the gltX gene was expressed from IPTG-inducible pET28 plasmid. Escherichia coli BL21(DE3) cells expressing either yjjJ or hipA were not able to form colonies as expected. The coexpression of gltX neutralized the toxicity exerted by HipA and not that by YjjJ (Fig. 4) . This further suggested that the cellular target(s) of YjjJ is different than that of HipA.
YjjJ shows DNA binding activity
As our sequence analysis showed that yjjJ contains a DNAbinding motif (Fig. 1A) , we tested if YjjJ can bind DNA. Since YjjJ cannot be expressed as a soluble protein, we created YjjJ fusion protein with protein S (PrS), a major Ca 2+ binding spore coat protein from Myxococcus xanthus (Kobayashi, Yoshida and Inouye 2009) . PrS-tag fusion has been shown to significantly enhance the solubility and expression of several proteins (Kobayashi et al. 2012) . Incubation of various amounts of purified PrS-YjjJ protein with E. coli genomic DNA followed by a gel-shift assay showed that indeed YjjJ can bind DNA ( Fig. 5 ; lanes 3-6). PrS protein alone did not show DNA binding activity ( Fig. 5; lane 2) . The ability of YjjJ to bind to DNA suggests that it may function as a transcriptional regulator in Escherichia coli. Notably, we did not find any DNA-binding motif in the HipA sequence.
CONCLUSIONS
Based on comparative sequence analysis, previously it was shown that the HipA-like and the YjjJ-like protein families belong to the phosphatidylinositol 3/4-kinase superfamily and possess a homologous catalytic domain. It may thus be presumed that YjjJ has similar cellular role(s) as that of HipA. Interestingly, our data show that despite being a homolog of HipA, YjjJ seems to have different cellular target(s) than that of HipA. YjjJ is uncommon in that unlike the genes encoding most type II TA system toxins, yjjJ gene is present as a single gene and not in an operon. We show that HipB, the cognate antitoxin of HipA, also acts as an antitoxin for YjjJ. We also show that unlike HipA, YjjJ does not cause inhibition of synthesis of DNA, RNA or proteins and its toxicity is not counteracted by glutamyl tRNA synthetase (GltX). GltX was shown to suppress the toxicity of HipA, which has relevance to HipA-mediated bacterial persistence. YjjJ also differs from HipA in that it shows DNA binding activity and its overexpression results in long filamentous cells indicating a possible involvement in the cell division. Taken together, these observations raise questions with respect to the mechanism underlying the cell death caused by YjjJ overexpression and the significance of cross-regulation between various TA systems as HipB acts as an antitoxin for both HipA and YjjJ. These observations thus may have evolutionary and clinical significance. Based on our data, it can be speculated that YjjJ may bind to specific DNA sequence(s) and may thus function as a transcriptional regulator in Escherichia coli. Further work using yeast two-hybrid system and phenotypic microarrays to identify the cellular target(s) of YjjJ should be helpful for this aspect.
